Hepatobiliary and pancreatic cancers along with other gastrointestinal malignancies remain the leading cause of cancer-related deaths worldwide. Strategies developed in the recent years on immunotherapy and cancer vaccines in the setting of primary liver cancer as well as in pancreatic cancer are the scope of this review. Significance of orthotopic and autochthonous animal models which mimic and/or closely reflect human malignancies allowing for a prompt and trustworthy analysis of new therapeutics is underlined. Combinational approaches that on one hand, specifically target a defined cancer-driving pathway, and on the other hand, restore the functions of immune cells, which effector functions are often suppressed by a tumor milieu, are shown to have the strongest perspectives and future directions. Among combinational immunotherapeutic approaches a personalized-and individual cancer case-based therapy is of special importance.
Introduction
Hepatobiliary and pancreatic cancers together with other gastrointestinal malignancies are the leading cause of cancerrelated deaths worldwide. Among 8.8 million cancer deaths per year 788,000 and approximately 360,000 1 cancer-related deaths occurred due to a hepatobiliary and pancreatic cancer, respectively, as estimated in the latest World Cancer Report (WHO) 2 and by GLOBOCAN. 3 Hepatobiliary or primary liver cancer comprises roughly 80% of hepatocellular carcinoma (HCC) and 20% of cholangiocarcinoma (CCA), a biliary tract cancer (BTC). Primary liver cancer is reported to have a growing incidence with increasing predictions by the year 2030. 4 Pancreatic ductal adenocarcinoma (PDAC) is the most common tumor type of pancreas, accounting for 95% of pancreatic cancer cases. 5 Its incidence and mortality rates have been increasing year by year worldwide. 1 All 3, HCC, CCA and PDAC, are found to be immunogenic, meaning that cells of immune system are able to recognize tumor cells and several tumor-associated antigens (TAAs) are reported for these malignancies. Clinical observations point out on the improved prognosis if tumor-specific cells are found infiltrating tumor samples. Based on above mentioned, strategies, implicating immunotherapeutic approaches and vaccines able to stimulate the responses against HCC, CCA and PDAC, have strong perspectives in the prediction and treatment of those malignancies.
Here, we review current studies on immunotherapy-based approaches investigated in mouse and human since the year 2000 until March 2017 in HCC, CCA and PDAC and give an overview on ongoing research embedded into the current clinical studies. Data were collected using MEDLINE/PubMed database as well as an open source www.ClinicalTrials.gov. Search keyword criteria included "HCC and immunotherapy," "CCA and immunotherapy," "BTC and immunotherapy" and "PDAC and immunotherapy."
Hepatocellular carcinoma (HCC)
HCC is the fifth most common malignancy in the world. 6 In 80% of the cases HCC is associated with cirrhosis or advanced fibrosis 7 caused by viral hepatitis, 8 toxins, such as alcohol or tobacco, 9 ,10 non-alcoholic steatohepatitis 11 or other metabolic disorders, e.g. hemochromatosis. 12 Other major risk factors involve aflatoxin exposure, 13 genetic disorders such as tyrosinosis or anabolic steroids. 7 Caused by the constant inflammatory response, tumor development is promoted in a multistep process.
HCC treatment strategies depend basically on Barcelona Clinic Liver Cancer (BCLC) algorithm, consisting of curative treatments (ablation, resection, transplantation) or palliative treatment (transarterial chemoembolization (TACE), selective internal radiation therapy (SIRT), multikinase inhibitor sorafenib). 14 A meta-analysis showed that the survival of HCC patients depends on early diagnosis as these patients profit from possibly curative therapies. However, approximately 60% of the patients are diagnosed at intermediate or advanced stage of the disease. [15] [16] [17] For these patients after the first line systemic treatment with sorafenib, therapeutic possibilities are limited and therefore the prognosis is most often very poor. The same is true for currently evaluated in phase III studies on multiple kinase inhibitors as reported in ref. 18 . The failure of therapeutic approaches is mainly caused by resistance to common therapeutic regimens causing an increase in mortality 6, 19 that is mediated by tumor-initiating cells which possess stem cell characteristics. 20 Several immunotherapeutic approaches are under investigation/development and seem to have promising perspective in the treatment of HCC as reviewed below.
Cytokine-based immunotherapy in HCC
Cytokines, as important mediators of the immune system, have long been within the focus of immunotherapy and their ability to modulate the immune system has been widely used as therapeutic approach. Currently, several ongoing studies analyze the cytokine profiles as well as polymorphisms to better understand the influence of cytokines on HCC disease progression and susceptibility (Supplementary Table 1 ).
In HCCs the identification of cytokines suitable as biomarkers for diagnosis, prognosis and therapeutic approaches is going on (also reviewed recently by T. Greten 21 ). Screening of 43 Chinese patients with HCC for a Hepatitis B Virus (HBV)-caused HCC-related cytokine profile allowed the identification of 2 potentially diagnostic markers, the macrophage-derived chemokine (MDC) and macrophage-stimulating protein a (MSPa), allowing to construct a HCC diagnosis model, which increased sensitivity from 60% to 73%. 22 Furthermore, increased interleukin 17 (IL-17) and IL-17 receptor E (IL-17RE) levels have been associated with poor prognosis. 23 Elevated levels of IL-8 correlated with chemoresistance and disease prognosis. 24 In line with above mentioned our recent understanding of the role of cytokines shows, that cytokine functions are far more reaching then solely regulation of the immune system. 25, 26 Cytokines directly influence the survival and resistance of tumor cells with stem cell characteristics. 27 It has been shown that increase in certain cytokine levels correlates with increased chemotherapy resistance [28] [29] [30] and metastasis 31 as well as self-renewal. 32 Our study (Kossatz laboratory) for example showed that blockade of IL-8 signaling pathways using the mTORC1 inhibitor Radd001 in combination with doxorubicin inhibited growth of tumor-initiating cells and was also able to significantly block tumor growth in vivo using xenografts. 29 Therefore, tumor-specific ablation of IL-8 by for example neutralizing antibodies or as mentioned blockade of signaling pathways could represent a sufficient immunotherapeutic approach in HCC/chemotherapy settings.
Additionally, IL-6 33 and IL-10 have been suggested as suitable biomarkers discriminating cirrhotic from cancerous patients. 34 Other cytokine profiles have been shown to predict recurrence of HCC 35 and to induce immunosurveillance. 36 Interferon-g (IFN-g) is associated with recurrence-free survival after curative treatments 37 and induction of autophagy and cell death in HCC cells. 36 However, there are reports where IFN-g expression is associated with hepatic dysfunction in fibrosis and cirrhosis as well as with HCC. 38 IFN-a has been shown to have anti-proliferative effects, 39 to induce apoptosis in HCC cell lines 40 and to prevent neo-plastic growth in a HCC rat model. 41 However, as reviewed by Makarova-Rusher et al. 42 and Prieto et al. 43 the use of IFN-a showed a very low efficacy in clinical trials and revealed a mixed response with regard to recurrence-free survival.
Similarly, mixed results are obtained for IL-12. IL-12 has antitumor effects, 44 which are mediated by activation of IFN-g secretion from T and natural killer (NK) cells, 45 activation of cytotoxic lymphocytes (CTL) 45 and NK cells. [45] [46] [47] Overexpression of IL-12 in tumor tissue of several mouse models has been shown to have beneficial effects and prevent metastasis formation caused by sorafenib treatment. 48 A study, in which the restoration of IL-12 expression mediated by zoledronic acid was performed, confirmed these results and showed a decrease in metastasis formation. 48 Early clinical studies of hematologic malignancies with IL-12 however were disappointing. Care has to be taken as unexpected side effects due to different treatment protocols may arise. 47 Overexpression of IL-12 mediated by for example adenoviral delivery in in vivo HCC mouse models showed to be beneficial and prolonged survival. 46, 49, 50 Several other preclinical studies follow different approaches, e.g., by determining the different effect of IL-27 and IL-23, which are the members of the IL-12 family. Their balance is important in carcinogenesis and it has been shown in preclinical studies that both cytokines are attractive candidate agents in anticancer therapy. 51, 52 An important interplay of cytokines/chemokines has been recently observed by us in precancerous livers, when we studied overexpression of oncogenic Nras G12V directly in vivo in hepatocytes. 53, 54 Precancerous (senescent) hepatocytes were producing numerous secreted factors, so called senescence-associated secretory phenotype (SASP) that led to a massive attraction of various immune cells toward precancerous livers. Recruited immune cells mediated the clearance/killing of precancerous cells thereby protecting from liver cancer development, the mechanism was called senescence surveillance. 53, 54 Importantly, when the interplay of cytokines/chemokines and receptors thereof on immune cells was dysregulated, precancerous cells were not cleared and resulted in induction of full blown HCC. 53, 55 A combination of so called M1 cytokines, IL-1a, IL-12/IL-23 and TNF-a, has been shown to be crucial for senescence surveillance. 53, 54 Currently, one clinical study is recruiting participants to study human telomerase reverse transcriptase (hTERT) immunotherapy in combination with IL-12 DNA electroporation. Studies by Prieto et al. determined the therapeutic use of adenoviral-delivered hIL-12 in HCC patients showing an increased tumor infiltration by effector immune cells in 4/10 patients (2/4 HCC). 43 
NK cell-based immunotherapy in HCC
On the basis that NK cells kill tumor cells independent on antigen recognition and that the number of NK cells has been correlated with the prognosis of patients, these cells became important effectors in cell-based immunotherapeutic approaches. 56 Tumor growth in the background of NK cell function is believed to be caused by NK cell exhaustion, escape of tumor cells from NK recognition, by expression of inhibitory receptors and by secretion of immunosuppressive factors such as TGF-ß (transforming growth factor b), IL-10, PGK2 (phosphoglycerate kinase 2) etc. 57, 58 Clinical studies that have been completed to focus primarily on the safety of NK-based immunotherapies revealed that application of NK cells is without side effects (NCT01147380). Activation and infiltration of NK cells has been shown to be beneficial for patients with HCC. 59 Several other safety studies are under investigation (Supplementary Table 1 ) determining the safety and toxicity of NK cells. The importance of NK cell-mediated immunotherapy has been underlined in a study showing that activated NK cells extracted from healthy donors treated with poly(I:C) inhibited growth of liver metastasis. 60 In current preclinical studies on NK cells, new approaches aiming to activate NK cells to specifically target tumor cells are under investigation. These include cytokine-modified NK cells. 61 Blockade of tumor growth in vivo using mouse models was also achieved by hIL-15-modified NK 62 and B7-H3 immunogen therapy 63 as well as approaches to re-activate NK cell function using Stat3 blockade 64 and miR-182.
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DC-based immunotherapy in HCC
Dendritic cells (DCs), professional antigen-presenting cells, which are able to present tumor antigens to T lymphocytes, opened up a new field in immunobiology and later in immunotherapy. 66 For hepatobiliary and pancreatic cancers a retrospective analysis of DC-based vaccination showed mild adverse effects and an activation of the immune system able to target tumor cells. 67 For DCbased immunotherapy in HCC 3 clinical trials have been completed recently (NCT01828762, NCT00027534, NCT00004604). Two of these used TRICOM, a triad of co-stimulatory molecules that enhance T cell response, 68 in combination with TAA. An often used TAA is the cardioembryonic antigen (CEA), which is overexpressed in many tumors. 69, 70 The studies are based on previous findings, showing that CEA is present in HCC and that low frequencies of CEA-specific T cell responses have been proven in some patients. 68, 71 A combination of DCs with granulocyte macrophage colony-stimulating factor (GM-CSF) might improve therapeutic outcome (NCT00027534) as GM-CSF induces rapid maturation of monocytes into DCs, capable to present antigens. 72 Preclinical studies also used other sources of T cell antigens, such as tumor-derived autophagosomal peptides used to pulse DCs, which are subsequently applied for immunization. 73 A similar approach uses tumor cell derived exosomes. 74 Both approaches have the advantage that several tumor antigens are used to enhance T cell immune response. The fusion of tumor cells with DCs follows the same aim, namely that several tumor antigens are used to activate the specific T cell responses. 75 Two clinical studies followed this approach (NCT02026362, NCT00327496).
Several other TAAs have been analyzed in preclinical and clinical studies. The usage of the Glypican 3 has been described previously by Greten et al.. 21 Further HCC linked biomarkers and antigens include the aspartate dehydrogenase 76 which expression is associated with the clinical outcome in patients with HCC 77 and a-fetoprotein (AFP). Although AFP is widely used for diagnosis and prognosis of HCC, it has been shown to have a low sensitivity in the diagnosis and prognostic value of HCC. 78 Nevertheless, studies with AFP in clinical and preclinical studies are under investigation. [79] [80] [81] T cell-based immunotherapy in HCC Antigen-specific tumor-specific T helper (Th)-and T killer (CTLs) cells immune responses play indispensable role in protection against cancer. For instance, as reported in our studies using autochthonous mouse models of premalignant liver disease, antigen-specific CD4 C Th1 cells are the main players in protection against HCC development. 53, 54 However, in the HCC settings the effector functions of antigen-specific T cells are strongly suppressed by numerous mechanisms that tumor exploits. To (re-)activate and expand HCCspecific Th cells and CTLs different strategies can be followed. Immunomodulatory cytokines and/or expression of costimulatory signals are one possibility. 82 Modulation of the immune system can also be achieved by vaccination with one or several tumor antigens that are applied either by means of peptide-or DNA vaccination (as described in further sections below). DC-based immunotherapy are using whole cell lysates to achieve a broad anti-tumor response. 82 In several animal models these approaches have been tested and validated and showed promising results. 85, 86 Many clinical studies also target several tumor antigens to induce CIKs (NCT03067493, NCT02858232, NCT02239861, NCT02026362, NCT02678013, NCT02709070), but data are not yet available.
Besides, whole cell lysates-specific tumor-initiating cells that are characterized by expression of certain surface molecules, have been tested as targets for cytotoxic T cell-based therapy and this approach resulted in significant tumor reduction in mouse models. 87 So far, this approach is not followed in clinical studies. Improvement of HCC-specific T cell responses can also be driven by bacterial vectors (e.g., Listeria monocytogenes), that have great potential to induce tumor-specific immune responses. 88 This approach was already tested using subcutaneous (s.c.) mouse models showing also a synergistic effect of DCs and L. monocytogenes-expressing tumor antigens for the protection against HCC development.
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HEPAVAC, a promising large multicenter European study, is currently under way, aiming to induce T cell responses by vaccination using novel RNA-based adjuvant immunotherapies. It combines multi-target, multi-peptide and multi-HLA (human leukocyte antigen) immunotherapy with personalized treatment approaches. 90, 91 Enrollment of first patients is expected in 2017.
Checkpoint inhibitors in HCC
Current strategies targeting the immune checkpoint inhibitors programmed cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), or cytotoxic T lymphocyte-associated protein 4 (CTLA-4) in the settings of HCC have been recently reviewed by M. Kudo. 92 Based on our search, there are several clinical ongoing or recruiting studies which are testing safety and feasibility of the anti-PD-1 approach in combination with sorafenib (NCT02576509, phase III) and apatinib (NCT02942329, phase I/II), both multikinase inhibitors. Other combinational approaches investigate CC-122, a pleiotropic pathway modifier that mimics an interferon response. The pathway modifier promotes the degradation of transcriptional regulators. 93 These approaches test different antibodies targeting and blocking PD-1 such as Nivolumab and SHR-1210. A study combining sorafenib and both, Nivolumab and Ipilimumab, antibodies targeting PD-1 and CTLA-4 respectively, is also currently recruiting patients (NCT01658878).
Recently using orthotopic (grafted and genetically engineered) models of HCC, Chen at al. presented a mechanism showing that anti-PD-1 antibody treatment had additional anti-tumor activity only when combined with sorafenib and AMD3100 (an inhibitor of CXCR4, described below), and not when combined with sorafenib alone. 94 Sorafenib-based therapy promoted tumor hypoxia, led to increased expression of a stromal cell-derived 1 a (SDF1a) and its receptor (CXCR4) and recruitment of myeloid-derived suppressor cells (MDSCs) promoting tumor vascularization. 94 Blockade of both, SDF1a receptor and PD-1, prevented immunosuppression in HCC tumors, led to increased immune cell tumor penetration as well as activation and subsequently resulted in delayed progression of HCC. 94 Therefore, based on these murine data, in addition to sorafenib and anti-PD-1, other strategies e.g., targeting SDF1a/CXCR4 axis and/or tumor vascularization pathways might be required to achieve efficient HCC treatment in human. It s important to mention that immune-competent orthotopic and autochthonous HCC models strongly contribute to the understanding of mechanism of action of immunotherapies, also to the assessment of their combination regimens and help therefore to predict their translational efficacy. 95 
Antibody-based immunotherapy in HCC
Apart from antibody-based therapies that target immune checkpoints, several other cellular receptors/molecules on tumor cells have been identified as suitable targets for antibody-based therapies. These targets are mediators of tumor resistance, i.e. tumor-initiating cells. Trop-2 is an antigen which is overexpressed in tumors and characterizes a subpopulation of tumor cells with stem cell characteristics. 96 A clinical study is now evaluating the safety of IMMU-132, an antibody targeting Trop-2 in epithelial cancers. Licartin (Iodine-131-Labeled Metuximab) is another monoclonal antibody (mAb) that directly targets tumor cells by binding to an antigen that is overexpressed on HCC cells as well as on fibroblasts (CD147). CD147 receptor is upregulated in early phases of starvation and is an important regulator of glucose metabolism. 97, 98 Its overexpression has been associated with HCC progression and increased adhesion, invasion and metastasis. 99 The study on Licartin is completed, however, with unpublished results (NCT00819650). Mapatumab is an antibody targeting TRAIL1, a receptor that mediates apoptosis. Agonistic antibodies have been shown to promote tumor regression in mouse models of other tumor entities. 100 Results of the clinical approach have also not been published. However, several studies indicate that HCC cells are resistant to TRAIL-induced apoptosis. 101, 102 Other therapies target growth factors, among them the insulin-like growth factor (IGF), which is often found overexpressed in HCC. Both IGF I and IGF II are single chain polypeptides that are produced by several tissues including the liver. Both bind to insulin growth receptors and particularly to insulin-like growth factor I receptor a (IGFIR-a) and both are upregulated in tumors. 103 Expression of IGF and activation of associated pathways have been identified in a subclass of HCC among 21% of early HCCs. 104 Their overexpression in multiple cancer types is a potential mechanism for resistance to IGFIR-targeting.
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Medi573 and BIIB022, 2 human antibodies neutralizing IGF I/ II are under clinical investigation. IMC-A12 also targets IGF and single-agent activity has been observed. However, its activity was mostly efficient when combined with cytotoxic agents or other targeted therapeutics. The results suggest that it may be an effective therapeutic in a diverse array of oncologic indications (NCT00906373). 106 A recent phase III study (REACH) investigating the recombinant IgG1 monoclonal antibody VEGF receptor-2 antagonist, Ramucirumab, missed its primary end point with no significant difference in the overall survival compared with placebo. However, a subgroup of patients with baseline AFP 400ng/ml showed a significant longer overall survival. 107 Thus, Ramucirumab is currently tested in a new phase III trial after sorafenib (NCT02435433). Other approaches that interfere with the ability of the tumor to promote vascularization are under investigation 108 (NCT02572687, NCT02024087).
DNA/peptide-based immunotherapy in HCC
DNA and peptide-based immunotherapy induce either a T-or B cell specific immune response or a combined cellular and humoral immune response. The delivery of peptides/DNA is taking place via vaccination using adjuvants, DCs or modified viral vectors. 109, 110 AFP as a target has been discussed above and it has been mentioned that it is expressed in the majority of HCC and correlative with patients outcome.
111 AFP positive cells have been described to define novel prognostic subtypes of HCC. 112 Clinical trials using AFP-based peptide immunization have been completed in 2010 and 2012, however with unpublished results. One clinical trial was terminated due to poor accrual and limited target patient population. Comparable studies were performed before, showing that AFP immunization resulted in expanded AFP-specific T cell populations using 4 different AFP peptides that were presented by DCs. Although only 60% of patients responded to the therapy by increased specific T cell activity, the authors concluded that clinical beneficial immune responses need CD4 and CD8 positive T cell responses. 113 Other studies also showed AFP-specific T cell responses. 114, 115 Studies in mouse models showed that optimized AFP epitopes completely protected mice from carcinogen induced HCC or impaired tumor growth. [116] [117] [118] [119] However, due to the lack of beneficial clinical results 120 and the comparability of mouse models to the human situation, the importance of AFP as a solely target has been questioned. 121, 122 Further approaches use intratumoral B7-H3-based DNA vaccines. B7-H3 is upregulated in HCC and correlates with the aggressiveness of the tumor and its postoperative recurrence. 123 Expression of B7-H3 is also important for metastasis as it promotes epithelial to mesenchymal transition. 124 The usage of B7-H3 as immunotherapeutic adjuvant alone or in combination has been shown to induce CD8
C activation and enhancement of NK cells. 63, 125 Cholangiocarcinoma (CCA)
CCA is a heterogeneous group of malignant epithelial tumors arising from the biliary epithelium. 126 The majority of CCAs are adenocarcinomas. 126 CCA can be classified into intrahepatic cholangiocarcinoma (ICC) and extrahepatic cholangiocarcinoma (including hilar and distal bile duct). 127 The incidence and mortality of ICC has been increasing over the past 30 years. 128 Although CCA is rare in the Western world (incidence 2 to 6 cases per 100,000 people), it is together with HCC the second most common primary liver tumor with increasing incidence worldwide. 129 CCA is a very aggressive cancer with high metastatic potential. In patients with advanced CCA median survival is less than 2 years. 130 CCA is usually diagnosed in a late stage with a particularly poor prognosis. 126 Risk factors for CCA include hepatobiliary flukes, biliary tract cysts, hepatolithiasis, toxins and primary sclerosing cholangitis (PSC). 126 Surgical resection of early CCA tumors is so far the only effective therapeutic strategy. Treatment options for patients with advanced or metastatic CCA are limited with short survival times. 126, 131 Systemic conventional chemotherapy with gemcitabine and cisplatin as current standard of care in advanced or metastatic disease 132 has only modest gains, with various locoregional treatment options and targeted therapies being under investigation. 129 There is just a limited number of genetically engineered mouse models reported for CCA, 133 that decelerates the research and translational implementation of treatments of this type of malignancy.
Taking into account that CCA is immunogenic and several TAAs have been identified, immunotherapy has a strong perspective in the treatment of CCA, which will be described in further details below in this review.
Peptide-based immunotherapy in CCA
Several CCA-associated antigens have been recently reported, among them are cancer-testis antigens (CTA), 134 TCC52, 135 melanoma antigen (MAGE), 136, 137 Forkhead box M1 (FOXM1) 138 and NY-ESO-1 139 , with high expression rates in CCA suggesting that these antigens can represent promising targets. Therefore, specific immunotherapy targeting CTAs might be a novel treatment option for ICC patients. 137, 139 Mesothelin is also reported to be overexpressed in one-third of human CCAs making it also a suitable target. 140 However, it seems that the vaccination has to be performed using correct adjuvants, because a crude extract was unable to induce antitumor response as reported elsewhere. 141 Recently, Rammensee and colleagues have reported a novel therapeutic approach, a case study, in a patient with metastatic ICC who underwent a very successful personalized multi-peptide vaccination. The vaccine was designed based on whole exome sequencing (WES), whole transcriptome sequencing (WTS) and HLA ligandome analysis of the tumors, administered emulsified in adjuvant montanide and reported to induce long-term functional vaccine-specific T cells. The treatment was remarkably successful, the patient is reported to be tumor-free with vaccination continued. 142 
DC-based immunotherapy in CCA
Using an orthotopic rat model of ICC a DC-based vaccine has been tested. 143 DC were loaded with a highly expressed tumorassociated cell surface protein, aspartate-b-hydroxylase (ASPH), and stimulated with GM-CSF, interleukin-4, CD40L, and IFN-g to generate Th1 responses. Immunization with ASPH-loaded DCs generated cytotoxicity against CCA cells in vitro and significantly suppressed intrahepatic tumor growth and metastasis in vivo. Moreover, the vaccination was associated with increased CD3
C lymphocyte infiltration into the tumors. 143 In a retrospective human study with 65 patients who had nonresectable, recurrent or metastatic BTCs the safety and efficacy of DC-based immunotherapy was evaluated. DCs were pulsed with BTC-associated tumor antigens, synthesized peptides: Wilms tumor 1 (WT1) and Mucin 1 (MUC1). DC-based immunotherapy for BTCs was safe and produced a clinical response for the patients who underwent chemotherapy and maintained a good nutrition status. 144 Two phase I clinical studies based on just DC vaccine have been completed (Supplementary Table 2 , NCT00004604, NCT00027534). In the first one autologous cultured DCs were pulsed with CEA RNA. In the second phase I study (as it has been already described for HCC) autologous DCs have been infected with fowlpox-CEA-TRICOM, mixed either with a cytomegalovirus (CMV) pp65 peptide or with tetanus toxoid and administered to patients, 145 but data on gallbladder cancer and pancreatic cancer are not available. Combination therapy comprising both DCs and T cells are described below.
T cell-based immunotherapy in CCA
A high potential of T cell-based therapy in CCA is well reflected in several human case reports. In the first study an analysis of pleural effusions collected from a 47-year-old man with recurrent CCA and malignant effusion revealed a presence of tumor-infiltrating lymphocytes (TILs). Preparing several coculture experiments the researchers have shown that the expression of T cell-related antigens, but not B cell-or NK cell-related antigens, on effusion-associated lymphocytes was blocked temporarily by the malignant pleural effusion. This was the first report describing the existence of a large quantity of unclassified lymphocytes in which the T cell-related antigens were reversibly masked in the malignant pleural effusion. 146 In another human study using a WES-based approach the researchers were able to demonstrate that TILs from a patient harboring metastatic CCA contained CD4 C Th1 cells recognizing a mutation in erbb2 interacting protein (ERBB2IP) expressed by the tumor. Adoptive transfer of such TILs into the patient has been shown to lead to a significant decrease in tumor lesions and to a prolonged stabilization of disease. Upon disease progression, the patient was retreated with a >95% pure population of mutation-reactive Th1 cells and again experienced tumor regression. 147 In a most recent case report the potential of chimeric antigen receptor-modified T cell (CAR T) immunotherapy in treating advanced unresectable/metastatic CCA has been analyzed. In this case, a patient with advanced CCA and resistant to chemo-and radiotherapy has been treated with CAR T cocktail immunotherapy, composed of successive infusions of CAR T cells targeting epidermal growth factor receptor (EGFR) and CD133, respectively. This resulted in a partial response, however, several infusion-related toxicities especially the epidermal/endothelial damages have also been detected and require further investigation. 148 A clinical trial based on the EGFR-targeting CAR T (NCT01869166) is still ongoing.
It is important to mention, that not just CD4 C or CD8 C T lymphocytes are currently tested in cell therapy approaches. Modified autologous CIK cells showed also perspectives in preclinical phase (in SCID mice) of human CCA treatment and a clinical trial based on CD3 C CD56 C CIKs (NCT01868490) is currently ongoing.
Treatment approaches based on a combination of both, DC and T lymphocytes possess even stronger perspectives. ICC with lymph node metastasis has been successfully treated in a patient after surgery using immunotherapy consisted of CD3-activated T cells and tumor lysate-or peptide-pulsed DC. The patient is alive without recurrence 3.5 y since the surgery. 149 In 2 other ICC studies the combination therapy of adoptive transfer of anti-CD3 activated T cells and autologous tumor lysatepulsed DCs vaccine therapy (DC-CAT therapy) after surgery was studied. Interestingly, patients who had skin reaction during DC-CAT had a better prognosis with increased numbers of lymphocyte, especially CD8 C T cells and reduced regulatory Foxp3 C T cells. 150 Moreover, the patients whose skin reactions were 3 cm or more at the vaccine site showed a strong increase in the 5-year progression-free survival (PFS) and overall survival (OS), making a postoperative combinatorial DC/T cell adjuvant treatment a feasible and effective treatment of preventing recurrence and achieving long-term survival in ICC patients. 151 Checkpoint inhibitors in CCA An encouraging retrospective study performed in 27 patients with ICC showed that ICC patients mount a T cell immune response against their own tumors. TILs found in the tumors possess PD-1 C phenotype and ICC cells have been shown to be PD-L1 C . Moreover, the authors claim that an immune escape mechanism is based on defects in HLA class I antigen expression in combination with PD-L1 expression by ICC cells. These promising study results justify the implementation of immunotherapy with checkpoint moleculespecific mAbs in patients bearing ICC tumors without defects in HLA class I antigen expression. 152 The soluble form of PD-L1 (sPD-L1) possesses immunosuppressive activity. Therefore, Korean researchers measured the serum level of sPD-L1 and evaluated its prognostic implication in BTC. Patients with high sPD-L1 have been shown to have worse OS. 153 In line with this, a recent review on 61 patients with different malignancies including CCA concluded that the use of immune checkpoint inhibitors is effective in cancers that express microsatellite instability. 154 Therefore, a phase II trial will be conducted enrolling patients with intrahepatic and extrahepatic CCAs as well as pancreatic cancer. In this phase II trial Nivolumab, an anti-PD-1 mAb will be combined with Ipilimumab, an anti-CTLA-4 inhibitor (Supplementary Table 2 ).
Another combination immunotherapy study based on Pembrolizumab (checkpoint inhibitor, anti-PD-1 mAb), supplemented with pegIFN-a-2b in patients with advanced CCA is also currently performed/recruiting (NCT02982720). The idea of this phase II study is based on a retrospective study of 375 patients with CCA describing impact of TILSs on BTC as well as 17% response rate of Pembrolizumab in patients with advanced CCA. IFN-a-2b has been shown to increase TILs. Therefore, it is hypothesized that effect of Pembrolizumab will be further enhanced by pegIFN-a-2b.
One more phase II clinical trial (NCT01174121) based on a combination of Pembrolizumab and short-term cultured autologous TILs as well as a lymphocyte-depleting regimen and high-dose Aldesleukin (IL-2) is currently ongoing (Supplementary Table 2 ) for patients with metastatic cancer including metastatic CCA, HCC and pancreatic cancer.
mAb-based immunotherapy in CCA
An approach based on mAb targeting particular tumor-associated receptors on tumor cells is widely used in immunotherapy (all PD-L1-targeting antibodies for CCA are described in the checkpoint inhibitor section). For example, a successful mAbmediated targeting of L1 cell adhesion molecule (L1CAM) that is aberrantly expressed in malignant tumors and plays an important role in tumor progression, has been reported in a human CCA xenograft nude mouse model. L1CAM targeting by high affinity Ab417 significantly inhibited tumor growth and did not induce any adverse effect in in vivo study, as reported and suggested for the clinical trials. 155 A successful case study trial in a patient with a metastatic EGFR C bile duct cancer has been reported using anti-EGFR mAb, Cetuximab (Cmab). It is important to mention that diagnostic of EGFR positivity was indispensable for this treatment. The patient was reported to be still healthy 7 y after the onset of peritoneal recurrence (5.5 y after the initiation of Cmab therapy). 156 However, there are also unsuccessful reports using mAb. As such, targeting of carbonic anhydrase 9 that is overexpressed on biliary cancers and recognized by chimeric radiolabeled mAb 157 Currently, a phase II study compares Ramucirumab with Merestinib, a small molecule that has been shown in vitro to be a reversible type II ATP-competitive inhibitor of MET, or placebo plus the standard palliative regimen cisplatin and gemcitabine as first-line treatment in patients with advanced or metastatic BTC (NCT02711553).
Stem cell transplantation in CCA
Allogeneic haematopoietic stem cell transplantation (HSCT) has been shown to lead to an antitumor effect, based on allogeneic graft-versus-leukemia induction, which recently resulted in the expansion of HSCT for the treatment of solid cancers. 158 Several single case studies with various success have been reported on stem cell transplantation in CCA. [159] [160] [161] [162] In a recent study performed in 17 patients with CCA who received a combination of liver transplantation and HSCT, only 1 out of 17 patients had a long-term survival. Interestingly, this patient rejected the HSCT graft, demonstrating an antitumor effect from allograft rejection. 163 HSCT in CCA still requires more investigation and HSCT seems to be more efficient in patients with pancreatic cancer (described below).
Chemo/immunotherapy in CCA
Adjuvant therapy (chemotherapeutic regimens applied after tumor surgery) may improve the outcome after a complete surgical tumor resection (R0) for treatment of CCA. Although postoperative adjuvant chemotherapy for resectable CCA is widely used in clinic, its role is still poorly defined. In a recently developed resectable orthotopic ICC mouse model, the effect of adjuvant gemcitabine chemotherapy after the resection of primary tumor was studied. The adjuvant therapy resulted in significantly improved median survival of treated animals reflecting the treatment outcome in human. Importantly, the efficacy of chemotherapy might be connected with induction of therapy-induced senescence and senescence surveillance 53, 54 resulting in the clearance of senescent tumor cells and subsequent prolongation of survival, however it remains to be elucidated. We believe that such immune-competent orthotopic models will therefore contribute in the future to the understanding of the mechanism of adjuvant chemoimmunotherapy. 164 A smaller prospective single center clinical study (phase I/II) was investigating adjuvant treatment with cisplatin plus gemcitabine after curative resection of CCA (NCT01073839), but data are not yet available. Currently, a phase III trial (ACTICCA-1) is assessing the clinical performance of gemcitabine with cisplatin and observation vs. observation alone in patients after curative intent resection of CCA and muscle invasive gall bladder carcinoma, (NCT02170090). As it has been already mentioned, it will be important to investigate therapyinduced senescence and senescence surveillance in above mentioned human studies.
Pancreatic ductal adenocarcinoma (PDAC)
Cancer of the exocrine pancreas is a highly lethal disease, with an overall 5-year survival rate of around 5%. 165 The most common tumor type among pancreatic cancers is PDAC. 166 Major risk factors for exocrine pancreatic cancer are cigarette smoking, obesity, nonhereditary chronic pancreatitis, pancreatic cysts and hereditary risk factors. 167 Surgical resection is the only potentially curative treatment, [167] [168] [169] [170] but only in 20% of the patients surgical resection can be undertaken for curative intend. Adjuvant chemotherapy is given after surgery, but the overall 5-year survival rate is still only 20% to 30%. 171 However, neoadjuvant and adjuvant chemotherapy with FOLFIRINOX (fluorouracil , leucovorin, irinotecan, oxaliplatin) is still subject to clinical trials. With the introduction of the chemotherapeutic regimens FOLFIRINOX and gemcitabine plus nanoparticle albumin-bound paclitaxel (nab-paclitaxel) for patients with metastatic pancreatic cancer and with good performance status, some improvements of the median and 1-and 2-year survival have been made. [167] [168] [169] [170] Based on available murine PDAC models and on identification of PDAC-specific TAAs (e.g., mesothelin), several immunotherapeutic approaches have been tested, mechanistically characterized and translated into clinical phases. Some of them show strong perspectives in the treatment of PDAC as described below.
Peptide-based immunotherapy in PDAC
Several studies have been performed to define immunogenic peptides in PDAC. Such, to identify tumor antigens useful for diagnosis and immunotherapy of patients with PDAC, researchers from Japan performed a serological identification of antigens by recombinant expression cloning (SEREX) on PDAC specimen/cells. Among the isolated total 32 genes, they were able to detect 2 immunogenic antigens: Homo sapiens mutS homolog 2 (hMSH2) and Homo sapiens postmeiotic segregation increased 1 (hPMS1) were overexpressed in PDAC compared with normal pancreatic ducts. 172 In a follow-up study they immunoscreened a testis cDNA library and detected an immunogenic antigen KU-CT-1 as a new cancer testis antigen that is expressed in pancreatic and also other cancers. 173 In another study Inami et al. detected a frequent expression of C-ERC/mesothelin in human pancreatic cancer cell lines and in human PDAC tissues, suggesting C-ERC/mesothelin as a useful target for immunotherapy. 174 In other work the researchers detected a new TAA for PDAC, Mucin 5AC (MUC5AC), and established MUC5AC-specific CTLs. 175 Several clinical studies are ongoing to define and to implement immunogenic antigens in PDAC settings. A prospective study is dedicated to a comprehensive molecular characterization of advanced PDAC for better treatment selection. Molecular profiling and whole genome sequencing will be performed on collected PDAC samples. The purpose of this study is to see how useful it is to look for changes and characteristics in genes and compare them to genes within the tumor (NCT02750657, observational study, recruiting). In another multicenter, randomized phase II clinical trial for patients with metastatic pancreatic adenocarcinoma, patients will undergo a tumoral biopsy to perform exome sequencing, bioinformatic report and avatar mouse models for drug testing. Subsequently these patients will be administered with a personalized therapy (NCT02795650, recruiting).
A phase I pilot study has been completed and determined whether an autologous vaccine tumor-derived heat shock protein gp96 (NCT00003025) could be purified from completely resected pancreas adenocarcinomas and induce clinical outcomes in vaccinated patients. Patients received additionally neither adjuvant chemotherapy nor radiation. Three of 10 vaccinated patients have been reported to be disease-free and alive at 2.6, 2.7, and 5.0 y follow-up. There has not been observed correlation between immune response and prognosis. 176 Subsequently a phase I/II study on immunotherapy of tumor with gp96 in treatment of liver cancer and pancreatic adenocarcinoma (NCT02133079) has been initiated.
Researchers presented data from a clinical phase I/II trial (NCT02261714) involving patients with adenocarcinoma of the pancreas vaccinated by intradermal (i.d.) injection of GM-CSF in combination with synthetic mutant ras peptides (mutated Kras G12V or Kras G12D is one of the most frequent oncogenes in PDAC). Vaccinated patients showed evidence of induction of long-lived immunological memory responses against the ras mutations and ras-specific T cells have been shown to selectively accumulate in the tumor. Despite harboring advanced cancer, patients developed an immune response to the peptidebased vaccine and showed prolonged survival. 177 In the followup publication the researchers reported a 10-year survival reached in 20% of patients vaccinated with ras-peptide-based vaccine following surgical resection. 178 An exploratory trial on combination of immuno-/chemo-/ radiotherapy for locally advanced pancreatic adenocarcinoma using vaccination with a telomerase peptide vaccine (GV1001) and GM-CSF along with gemcitabine followed by concurrent radiation therapy is currently ongoing (NCT01342224). In a recent report on this study the researchers aimed to define the optimal dose and scheduling of radiation for combination with gemcitabine and peptide-based immunotherapy and analyzed the effect of fractionated and hypofractionated chemoradiation on immune cells in patients with locally advanced and borderline resectable pancreatic adenocarcinoma. They detected that standard fractionated chemoradiation resulted in a significant and extended loss of lymphocytes whereas treatment with hypofractionated radiation therapy avoided the loss of lymphocytes associated with conventional fractionation. 179 A phase I trial of chemoimmunotherapy and hypofractionated radiation therapy for borderline resectable and locally advanced pancreatic adenocarcinoma evaluating the safety of combination treatment that includes chemotherapy, radiation therapy, and immunotherapy (tadalafil, an oral phosphodiesterase-5 inhibitor) in patients with pancreatic cancer has been initiated (NCT01903083).
Cytokines-based immunotherapy in PDAC
Studies implementing GM-CSF-based treatment are reported later in the section on "GVAX" and here we review few studies reported on interleukins. In a case study performed in 65-year-old man with pancreatic adenocarcinoma preoperative recombinant IL-2 (rIL-2) has been administered inducing high intratumoral infiltration for CD1a C cells and mild infiltration for CD3 C cells. 180 A clinical study performed in patients with resectable pancreatic adenocarcinoma using pre-and postoperative rIL-2 treatment showed that preoperative high dose rIL-2 administration is able to counteract surgery-induced deficiency of NK cells and eosinophils in peripheral blood. 181 IL-2-activated human NK cells are able to kill PDAC cells and are further boosted when PDAC cells are infected with an oncolytic parvovirus H-1PV. 182 In a phase I first-in-human study AM0010 (pegylated recombinant human IL-10) in combination with chemotherapy and checkpoint inhibitors in patients with advanced solid tumors including pancreatic carcinoma will be evaluated (NCT02009449).
NK cell-based immunotherapy in PDAC
NK cells play a fundamental role in tumor immune surveillance. Several clinical trials on combinational therapy involving NK cells have been started, as reviewed in 183 and one of the studies based on chimeric antigen receptor-modified NK (CAR NK) cells is recruiting patients with MUC1
C solid tumors, including pancreatic cancer.
DC-based immunotherapy in PDAC
Several DC-related studies are reported using s.c. and orthotopic murine models of PDAC. To increase the numbers of antigen-presenting cells in pancreatic tumors, syngeneic, bone marrow-derived DCs were pulsed with tumor RNA, derived from the pancreatic cell line PANC02 and injected intratumorally into orthotopic PANC02 tumors. Intratumoral administration of such antigen-pulsed DCs induced significantly more potent protective immunity than s.c. or intravenous (i.v.) administration. The antitumor effect in this case was caused by induction of antigen-specific T lymphocytes. 184 In another study using a PANC02-based s.c. tumor model, an intratumoral vaccination with a-galactosylceramide (a-GalCer)-loaded DCs resulted in a significant expansion of IFN-g-producing natural killer T cells (NKT) cells which also correlated with decrease in tumor growth in vivo.
185 DC cells loaded with pancreatic tumor-specific glycoepitope C-ter-J28
C were shown to skew CD3 C T cells toward Th1 polarization, to reduce ectopic PANC02 tumors in s.c. and orthotopic murine models and to provide long-lasting protection against PDAC. These studies showed that intratumoral DC-injection was more effective than s.c. DC injection. 186 Using a combinational approach Konduri et al. treated orthotopically established Kras G12D /p53 ¡/¡ PDAC tumors with gemcitabine and mRNA-/tumor lysate-pulsed DCs manipulated to be able to induce Th1 immune response. This has been shown to be highly efficient in eliminating tumor, preventing metastasis and recurrence, and significantly enhancing OS, whereas single therapies resulted in relapse and tumor progress. The protective effect of combinational treatment was dependent on CD8 187 Murine models of PDAC underlined the success of DC-based immunotherapeutic approaches and linked mechanisms in pancreatic cancer. Therefore several studies have been initiated in clinic.
A very successful combinational approach has been reported in a case study: a patient with PDAC underwent radical surgery, gemcitabine treatment (that had to be however terminated due to neutropenia), and subsequently the patient received vaccination with DCs loaded with hTERT mRNA for 3 y. The patient developed an immune response against several hTERT-derived CD4-and CD8 epitopes and the complete remission has been achieved. 188 A phase I trial has been recently reported in PDAC patients using a combination of gemcitabine treatment and a vaccination based on DCs pulsed with WT1 peptides. The study clearly showed that inclusion of both MHC class I-and II-restricted epitopes may be associated with the long-term survival of patients with PDAC, pointing that both tumor-specific CD4 C and CD8
C T cell immune responses are required for protection against the tumor. Interestingly, delayed-type hypersensitivity (DTH) developed in 3 vaccinated patients correlated significantly with increased OS and PFS. 189 Interestingly, decreased levels of IL-6/-8 observed throughout long-term vaccination with WT1-pulsed DCs in combination with chemotherapy were associated with WT1-specific DTH reactions and longterm OS. 190 Two phase I clinical trials based on just DC vaccine have been recently completed (as it has been already described for HCC and CCA, NCT00004604 and NCT00027534, Supplementary Table 1 , 2, 3) and were based on autologous, cultured, DCs pulsed either with CEA RNA or infected with fowlpox-CEA-TRICOM respectively. In both trials patients were harboring CEA-expressing cancers. The data on PDAC from both trials are still unavailable. Combinatorial therapy comprising both DCs and T cells are described below.
GVAX and beyond as immunotherapy in PDAC
In search of new adjuvant approaches in the treatment of PDAC several studies have been performed using GM-CSFbased immunotherapy administered in patients with resected pancreatic adenocarcinoma. The first clinical evaluation of an irradiated, allogeneic GM-CSF-transduced cancer vaccine composed of 2 allogeneic GM-CSF-secreting pancreatic tumor cell lines (PANC 10.05 and PANC 6.03) has been conducted in a phase I trial of 14 patients with stage 1, 2, or 3 of pancreatic adenocarcinoma to assess the safety and the induction of systemic antitumor immune responses. Several patients also underwent subsequently an adjuvant radiation and chemotherapy. This combinational approach has been reported to be safe. Vaccination induced increased dose-dependent systemic antitumor immunity. DTH responses induced toward autologous tumor cells correlated with increased disease-free survival (DFS) time. 191 A follow up phase II study has been performed in 60 patients with resected pancreatic adenocarcinoma, who underwent a combination of surgery, GM-CSF-based immunotherapy (as described above) and 5-FU-based chemoradiation. An immunotherapy approach integrated with chemoradiation was safe. The study observed a survival benefit from vaccine over chemoradiation in the first 2 y after surgery. Additionally, it showed that postimmunotherapeutic induction of mesothelinspecific CD8
C T cells correlated with improved disease-free survival. Numerous numbers of regulatory T cells (Tregs) have been observed present in PDAC specimen. 192 In a continuous study both a neoadjuvant and adjuvant clinical trial has been performed evaluating the usage of irradiated, GM-CSF-secreting, allogeneic PDAC vaccine (GVAX) given in combination with cyclophosphamide to deplete Tregs. Examination of resected PDACs revealed the formation of intratumoral tertiary lymphoid aggregates (TLAs, regulatory structures of adaptive immunity) in more than 80% of patients. Suppressed Tregs and enhanced Th17 responses within the vaccine-induced intratumoral lymphoid aggregates correlated with increased mesothelin-specific T cell responses and longer patient survival. Moreover, there has been observed the upregulation of immunosuppressive regulatory mechanisms, suggesting that patients with vaccine-primed PDAC could be better candidates for checkpoint inhibitor therapy. 193 Similar results on increased mesothelin-specific CD8 C T cell responses have been reported using GM-CSF-secreting pancreatic cancer cell lines (CG8020/CG2505) as immunotherapy administered in combination with cyclophosphamide in patients with advanced pancreatic cancer. 194 Importantly, if an additional blockade of TGF-ß pathway (TGF-b blocking antibody) is combined with GVAX vaccine, it results in significant infiltration of antitumor-specific IFN-g producing CD8
C T cells and intratumoral depletion of Tregs as well as survival advantage. 195 The mechanism of action of TGF-b blocking therapy in combination with GVAX vaccination is described in 195, using a metastatic murine model of pancreatic cancer.
A phase II trial of allogeneic pancreatic tumor cell vaccine transfected with the GM-CSF (similar to GVAX) also in combination with cyclophosphamide for the treatment of patients with surgically resected pancreatic adenocarcinoma is currently recruiting patients (NCT01088789). Another phase II clinical trial based on combination comprising allogeneic tumor cell vaccine treated with IFN-a plus radiation therapy and cyclophosphamide plus GM-CSF has been completed in patients with advanced pancreatic cancer. The data are still unavailable (NCT00002773, Supplementary Table 3 ), however such radiation-or chemotherapy-based pretreatment of cells and their subjection to IFN-a makes the tumor cells susceptible to NK cells. IFN-a also induces the immunoproteasome with impact on the immunogenicity of pancreatic carcinoma cells, as reported. 196 A very important approach has been developed using attenuated facultative intracellular bacterium L. monocytogenes as a cancer vaccine in the settings of PDAC. The approach is based on a recombinant live-attenuated L. monocytogenes vaccine strain that is rapidly cleared from mice after immunization and induced potent and durable effector and memory T cell responses with no measurable liver toxicity. 197 This strain has been engineered to express human mesothelin giving rise to the vaccine strain CRS-207. Phase I study has been performed using CRS-207 vaccine strain in patients with mesothelinexpressing cancers, showing the development of listeriolysin O (an important virulence factor of L. monocytogenes) and mesothelin-specific T cell responses upon vaccination. 198 A very important study has been performed using a combination of GVAX and cyclophosphamide and CRS-207, in prime/boost vaccination regime in 90 patients with pancreatic adenocarcinoma. This combinational approach resulted in extended survival for patients with pancreatic cancer and minimal toxicity. 199 There has recently been completed a phase IIb trial to assess the safety of this approach (Supplementary  Table 3 , NCT02004262). In another phase II clinical trial that is going to be started, an orally available immunomodulator Epacadostat, Pembrolizumab, CRS-207 as well as GVAX and cyclophosphamide will be used in combination in patients with metastatic pancreatic cancer (Supplementary Table 3 , NCT03006302).
T cell-based immunotherapy in PDAC
Antigen-specific T cell responses are indispensable in fighting against cancer. In a recent animal study several T cell receptors (TCRs), which are highly reactive to the mutated human Kras G12V /Kras G12D , have been defined and isolated using transgenic mice. TCRs have been subsequently introduced into peripheral blood lymphocytes (PBLs). Transgenic PBLs harboring Kras G12V /Kras G12D -specific TCRs have been shown to recognize multiple human pancreatic tumor lines bearing the appropriate Kras mutations. In a xenograft model of large established tumors, adoptive transfer of these transgenic PBLs significantly reduced the tumor growth. 200 However, PDAC develops multiple mechanisms of immune suppression, which was confirmed by many studies using available orthotopic and autochthonous murine models as well as by analysis of human tumor samples. For instance, in contrast to s.c. injected PDAC tumors, an impaired infiltration of CD8 C T cells in spontaneous (autochthonous) pancreatic tumors has been reported. 201 In line with above mentioned, the lack of intratumoral infiltration of T effector cells strongly correlated with the presence of intratumoral MDSCs as has been observed in another study using a genetically defined autochthonous mouse model of PDAC. The study also demonstrated an early immunosuppression in PDAC settings. 202 In line with the previous study, using an autochthonous PDAC model, the researchers observed that the engineered mesothelin-specific CAR T cells preferentially accumulated in PDAC, however, these tumor-infiltrating T cells became progressively dysfunctional. 203 A recent work reported that loss or inhibition of CXC-motif-chemokine receptor 2 (CXCR2) improved T cell entry. Therefore, to restore both, intratumoral infiltration-and function of T cells, the researchers combined inhibition of CXCR2 and PD-1 in mice with PDAC. Animals treated with this combinational therapy approach showed significantly extended survival. 204 Several attempts on generation of CAR T cells have been reported using human samples. CAR T cells are able to target a prostate stem cell antigen (PSCA), a TAA that is frequently expressed by pancreatic cancer cells, which have been generated using a retroviral vector encoding a CAR targeting PSCA. These cells were able to specifically kill PSCA-expressing pancreatic cancer cell lines. 205 In another study a protocol for generation of TILs from patients with PDAC has been established. Lymphocytes obtained from patient samples were stimulated with several cytokines (IL-2, IL-15, and IL-21 ) to expand TILs, following by a stimulation with an anti-CD3 antibody and irradiated allogeneic PBMCs. TILs showed reactivity against TAAs (mesothelin and NY-ESO-1). 206 A combinational therapy comprising both DCs pulsed with MUC1 peptide (MUC1-DC) and CTLs has been reported by Kondo et al. in 20 patients with unresectable or recurrent pancreatic cancer. Upon this combinational therapy one patient had a complete response and 5 patients have been reported to have stable disease. 207 Several clinical trials using T cell-based therapy and combinations thereof are currently recruiting patients. Phase I/II study on autologous lentivirus-modified CAR T cells able to target epithelial cell adhesion molecule (EpCAM) for the treatment of patients with EpCAM positive cancers (NCT03013712) is ongoing. Another phase I/II study based on immunotherapeutic combination comprising invariant NKT (iNKT) cells and CD8 C T cells is recruiting patients with advanced tumors, including HCC and pancreatic cancer (NCT03093688). Patients with metastatic cancers are currently recruited for a phase II study on a combinational therapy consisting of short-term cultured and autologous TILs, Aldesleukin (IL-2), followed by lymphocyte depleting regimen using cyclophosphamide or fludarabine, and subsequent, at time of progression, administration of Pembrolizumab (Supplementary  Table 3, NCT01174121 ). An early phase I study on CD8 C
NKG2D
C AKT cells and adjuvant gemcitabine in pancreatic cancer patients (NCT02929797), as well as a phase I/II study on combination of iAPA-DC/CTL and gemcitabine therapy on advanced pancreatic cancer (NCT02529579) are ongoing.
Checkpoint inhibitors in PDAC
Importantly, in the phase II clinical trial on checkpoint inhibitor Ipilimumab in patients with locally advanced or metastatic pancreas adenocarcinoma, the therapy has been shown to be ineffective for the treatment of advanced pancreatic cancer. However, a significant delayed response in one subject of this trial suggested that immunotherapeutic approaches to pancreas cancer deserve further exploration. 208 A research work from Douglas Fearon group found a mechanism why immunotherapy might be ineffective using an autochthonous model of PDAC. Although tumor-specific CD8 C T cells were found present, still like in human patients, no response could be detected toward 2 immunological checkpoint antagonists: a-CTLA-4-and a-PD-L1 antibodies. However, by removing the carcinoma-associated fibroblast (CAF) expressing fibroblast activation protein (FAP) from tumors permitted immune control of tumor growth and uncovered the efficacy of a-CTLA-4/ a-PD-L1 antibodies. FAP C CAFs were found to be the only tumoral source of chemokine (C-X-C motif) ligand 12 (CXCL12, also known as SDF1a), and administration of AMD3100, an inhibitor of CXCL12/SDF1a receptor, CXCR4, revealed the anti-tumor effects of checkpoint inhibitors and greatly diminished cancer cells. 209 Interestingly, AMD3100 has been also reported to increase the efficiency of anti-PD-1 treatment in HCC after sorafenib treatment. 94 In another recent study performed in p48-Cre/LSL-Kras G12D / p53Flox/C (KPC) mouse model of human PDAC a hyperactivated focal adhesion kinase (FAK) activity in neoplastic PDAC cells has been identified as a significant regulator of the fibrotic and immunosuppressive tumor microenvironment. Inhibition of FAK using the selective FAK inhibitor VS-4718 significantly limited tumor progression and rendered the previously unresponsive KPC mouse model responsive to T cell immunotherapy and PD-1 antagonists. 210 Based on the above described, it is important to mention that autochthonous PDAC models strongly contributed to a mechanistic characterization of immunotherapies, which implement checkpoint inhibitors.
A limited efficacy of immune checkpoint inhibitors in PDAC has prompted studies using combinational therapies. Such, a treatment of mice harboring PDACs with GVAX resulted in significant upregulation of PD-L1 membranous expression and combination therapy based on GVAX and PD-1 antibody blockade improved murine survival compared with PD-1 antibody monotherapy or GVAX therapy alone. Furthermore, immunosuppressive pathways, including Tregs and CTLA-4 expression on T cells were overcome by the addition of GVAX and cyclophosphamide to PD-1 blockade. 211 A study recently performed in mice revealed that a combinational approach also has perspectives, as the blockade of both, IL-6 and PD-L1, resulted in increased OS of animals with aggressive PDAC. 212 Several clinical trials are ongoing at the moment. A phase II clinical trial is in preparation for testing of Ipilimumab and Nivolumab as decribed also for CCA (NCT02923934). A phase Ib trial on Ipilimumab (BMS-734016) and GVAX in patients with locally advanced, unresectable or metastatic pancreatic adenocarcinoma (NCT00836407) is completed. A phase II, multicenter study of FOLFIRINOX followed by Ipilimumab in combination with GVAX in the treatment of metastatic pancreatic cancer (NCT01896869) is suspended. A phase II study on combination of GVAX/cyclophosphamide, Pembrolizumab and stereotactic body radiation therapy (SBRT) in patients with locally advanced pancreatic adenocarcinoma (NCT02648282) is recruiting patients. A pilot study testing a combination of GVAX, cyclophosphamide, SBRT and FOLFIRINOX chemotherapy in patients with resected pancreatic adenocarcinoma (NCT01595321) is ongoing. A multi-center, phase I study on a combination therapy of ABBV 927 and Nivolumab in patients with advanced solid tumors including pancreatic cancer, (NCT02988960) is recruiting patients. A phase II study on irreversible electroporation of locally advanced pancreatic adenocarcinoma in combination with Nivolumab post-operatively in patients with locally advanced pancreatic cancer (NCT03080974) is not yet recruiting patients. A phase Ib and II multi-center study of MEDI4736 in different combinations using chemotherapy (nab-paclitaxel and gemcitabine) and novel anticancer agents (AZD5069) in patients with metastatic PDAC is also recruiting patients (NCT02583477).
mAb-based immunotherapy in PDAC
Several studies based on mAbs that are able to specifically target PDAC-related antigens have been reported. Such, targeting of AXL receptor tyrosine kinase that is implicated in proliferation and invasion of many cancers including PDAC, resulted in significant tumor growth reduction using s.c. and orthotopic pancreatic tumor xenografts. 213 In another study human PMAb83 targeting PAUF, a pancreatic adenocarcinoma upregulated factor, that plays an important role in tumor progression and metastasis, has been evaluated. In combination with gemcitabine, PMAb83 therapy resulted in survival of xenografted mice by about twofold compared with gemcitabine alone. PMAb83 treatment decreased the aggressiveness of carcinoma cells and suppressed tumor vascularization. 214 A very interesting mAb-based approach has been reported by Oberg et al. who have tested a bispecific antibody that binds simultaneously to both: to CD3 or Vg9 on gd T cells and to Her2/neu (ERBB2) expressed by pancreatic tumor cells. Adoptive transfer of gd T cells with the Her2/Vg9 antibody reduced growth of pancreatic tumors grafted into SCID-beige immunocompromised mice. 215 A combination therapy of gemcitabine, the CHK1 inhibitor PF-477736 and Lutetium-177 (177Lu)-labeled anti-EGFR antibody has been recently investigated in fresh patient-derived xenograft murine models. This triple combination therapy induced extensive DNA damage, apoptosis, and tumor degeneration in patient-derived xenograft. 216 Several clinical trials are reported using mAb in PDAC settings. Data from the first-in-human phase I study on the ASG-5ME, an antibody-drug conjugate (ADC), targeting SLC44A4 a novel cell surface protein which is expressed on most pancreatic and gastric cancers has been very recently reported and demonstrating that ASG-5ME treatment was generally well tolerated but limited evidence of antitumor activity has been observed 217 (NCT01166490). A combinational approach based on fractionated radioimmunotherapy and gemcitabine has been studied. Radioimmunotherapy consisted of yttrium-90-labeled humanized Clivatuzumab tetraxetan antibody (90Y-hPAM4) that selectively targets PDAC. Obtained initial results appeared promising: a median OS for all patients of 7.7 months and, when considering only the 10 patients with stage IV disease, a median OS of 10.7 months was achieved, 218 (NCT00603863). A phase II study of neoadjuvant chemotherapy and immunotherapy to CA125 (Oregovomab) followed by SBRT and concurrent HIV protease inhibitor nelfinavir in patients with locally advanced pancreatic cancer is recruiting patients, (NCT01959672). Another phase II trial of in situ tumor vaccination using Durvalumab and "booster" radiation therapy in patients with metastatic pancreatic adenocarcinoma (NCT02885727) is not yet recruiting.
DNA vaccines in PDAC
There are just few reports on DNA-based vaccines in PDAC. Enolase (ENO1) is a glycolytic enzyme and ENO1-specific T cells inhibit the growth of human pancreatic xenograft tumors in mice. Moreover antibodies against ENO1 are detected in more than 60% of patients with PDAC. Italian researchers investigated an ENO1 DNA vaccine administered via electroporation in mice that spontaneously develop autochthonous, lethal pancreatic carcinomas (KPC model). ENO1 vaccine induced antibody and a cellular response, reduced numbers of MDSC and Tregs, increased Th1 and Th17 responses and strongly increased the survival. 219 Also an important role of anti-ENO1 antibodies, which affected MDSC functions/recruitment and therefore helped to increase T cell responses, has been observed by the researchers in a follow-up study. 220 A phase I study on hTERT immunotherapy alone or in combination with IL-12 DNA followed by electroporation in adults with solid tumors (including pancreatic cancer, HCC and others) at high risk of relapse post definitive surgery and standard therapy is currently recruiting (NCT02960594).
Stem cell transplantation and other cell-based immunotherapy in PDAC
HSCT has been reported to be a promising therapeutic approach in PDAC. All 3 patients who underwent HSCT are alive 2.5-and more than 8 years after HSCT. 163 In another study researchers claim that mesenchymal stem cells (MSC) can represent a new tool for delivery of therapeutic agents to cancer sites because of their strong tropism toward tumors and they suggest that MSCs producing IL-15 might represent an innovative strategy for therapy of pancreatic tumor. They have demonstrated significant inhibition of tumor growth and prolonged survival in syngeneic mice bearing Pan02 pancreatic tumors after systemic administration of MSC-IL-15. Mice developed strong immune responses and have been shown to become resistant against tumor rechallenge.
221
PDA cells generated to stably express MHC class II transactivator (CIITA) and used as a syngeneic vaccine have been shown to induce the recruitment of T effector cells into the tumor area and long-lasting immune memory against PDAC. 222 
Chemoimmunotherapy in PDAC
Recently, we have developed a resectable orthotopic model of PDAC based on electroporation of transposable elements expressing oncogenic Kras G12D /Akt2 directly in situ into pancreas at p53 -/-background, allowing for a development of a singular tumor nodule that can be subsequently resected. Pancreatic tumors became widely metastatic, reflecting the aggressive clinical features of PDAC in patients. Despite early tumor resection, recurring and distant tumors still occurred and adjuvant gemcitabine treatment after tumor resection prolonged the overall survival. Importantly, therapy-induced senescence has been detected in satellite tumors and also in distal metastases by senescence-associated ß-galactosidase positive staining in a gemcitabine-treated group (unpublished observation). The protective mechanism of the gemcitabine treatment was associated with inhibition of MDSC accumulation and increased NK cell numbers. Furthermore, the data obtained on gemcitabine treatment in this resectable orthotopic mouse model of PDAC allowed to define a mechanism demonstrating that NK cells and not T cells were required for gemcitabinemediated antitumor responses. 223 In another study a combination of gemcitabine and rosiglitazone, an FDA-approved drug for the treatment of type 2 diabetes mellitus, has been tested in an immunocompetent transplantable s.c. mouse model of pancreatic cancer.
Combinational treatment resulted in significant tumor reduction, extended OS compared with monotherapy. Rosiglitazone has been reported to affect early MDSC accumulation and intratumoral Tregs. Combination therapy increased intratumoral CD4
C and CD8 C T cells while limiting Tregs. 224 In a recent study the researchers showed very promising results using a DNA demethylating drug 5-aza-20-deoxycytidine (DAC) as a treatment of aggressive mouse model of stromal rich PDAC (KPC-Brca1 mice) and suggested implementation of hypomethylating agents for future in combination with immunotherapy. 225 It is important to mention that the loss of nuclear DNA methylation leads to growth arrest or nonviable cells, 226 and effects of successful therapy using DAC could therefore be also connected with senescence 227 and induced senescence surveillance, 53, 54 however senescence surveillance upon DAC treatment of pancreatic tumors remains to be investigated.
Perspectives and future directions in the treatment of HCC, CCA AND PDAC Within the scope of this review we have described currently ongoing research studies and clinical trials in 3 types of gastrointestinal cancers: primary liver (HCC and CCA) and pancreatic (PDAC) cancers. All 3 cancers and, especially liver cancer with its tolerogenic environment, imply numerous complex mechanisms to avoid immune surveillance. There is a clear observation that not a single immunotherapeutic approach, but, in particular, a combinational therapy has the most promising results in the treatment of those malignancies.
Thus, combinational approaches which will: i) stimulate and/or boost tumor-specific immune response against multiple TAAs using different vaccination approaches; ii) re-activate the function of innate and adaptive immune cells, that are suppressed by the tumor milieu using e.g., checkpoint inhibitors; iii) target tumor-specific pathway and angiogenesis specifically and locally, have altogether the strongest perspectives to treat HCC, CCA and PDAC malignancies.
The most chances in (i) belong to personalized/individual case-related TAAs and tumor epitopes and their efficient delivery for presentation by potent DCs, which will induce strong tumor-specific Th1/CTL response. Several comprehensive studies involving whole genome-and exome sequencing in human tumor samples as reported for CCA, 142 PDAC (NCT02750657, NCT02795650) and also HEPAVAC 90, 91 for HCC are ongoing. The results will help to implement personalized therapies leading to a DFS as for example it has been shown in the encouraging case study in CCA. 142 Alternative strategies based on autologous live-irradiated tumor cells secreting cytokines (e.g., GM-CSF) that strongly promote immune responses have been shown to be very promising in PDAC patients (GVAX-and similar studies). 195, 228 Taking into account very successful studies using a safe vaccine strain of L. monocytogenes efficiently delivering a tumor antigen and inducing potent tumor-specific responses, as shown in PDAC, 199 this approach could be implemented in HCC and CCA as well. Several research studies using s.c. mouse models have been already performed in this direction in HCC, however use of autochthonous and orthotopic models has to become an absolute priority in immunotherapy studies. Especially taking into account the experience from PDAC models, showing strong differences in terms of T effector cell infiltration in s.c. models vs. autochthonous or spontaneously developing tumors. Noteworthy, in highly heterogenic HCC conditions, a multi-peptide vaccination approach will be required. Importantly both CD4
C and CD8 C T cell responses are necessary for sufficient antitumor responses, 113, 188, 189, 229 therefore both MHCI-and MHCII peptides have to be present in vaccine formulations for all 3 types of cancer.
Application of checkpoint inhibitors for (ii), is a very hot topic in immunotherapy. Several trials are ongoing in all 3 HCC, CCA, PDAC cancers ( Supplementary Fig. 1, 2, 3) . Importantly, an additional combination with inhibition of immune-suppressive cells, such as MDSCs and/or Tregs, 195, 211 by means of gemcitabine or low doses of cyclophosphamide, respectively will improve the treatment outcome. Several studies implement such combinations already (NCT03006302, NCT01174121).
As first trials using checkpoint blockade failed in PDAC, the researchers and clinicians throve the issue of combinational therapies. Thus, among HCC, CCA and PDAC, PDAC has the leading position in trials implementing 4 and more combinational strategies (Supplementary Table 3 ). This probably has to become an obligation for HCC as well. Despite so many ongoing HCC human studies (Fig. 1 ) just singular strategies are mostly implemented in the recent phase I studies for HCC (Supplementary Table 1) . Furthermore, HCC is especially complicated to treat due its high heterogeneity. In 2000, Saeki et al. published the investigation of intratumoral heterogeneity analyzed by Restriction Landmark Genomic Scanning in tumor nodules. 230 Another study analyzed synchronous HCC and showed that tumor nodules which are located in close proximity are very heterogenous. 231 Further studies confirmed the heterogeneity and helped to better classify the tumors. 232 Based on gene expression profiling, Thorgeirsson and colleagues 233 classified the HCC in more detail and concluded that "the biologic differences identified in the HCC subclasses should provide an attractive source for the development of therapeutic targets (e.g., HIF1a) for selective treatment of HCC patients." Therefore, combination of immunotherapies and therapies that will target HCC heterogenic tumor cell populations and pathways, will be the most promising.
For sufficient targeting in iii) fat diagnostic aiming to identify the cancer pathway and tumor cell receptors in every individual case has to be performed (personalized medicine). Specific targeting of such defined tumor receptors or tumor pathway 216, 218 or of angiogenesis 107 by mAbs have been described and show promising results. Importantly, local targeting of tumor using radio-and/or chemotherapy has many advantages over a systemic application regimes, especially knowing that standard fractionated chemoradiation results in a significant and extended loss of lymphocytes. 179 Therefore, targeted delivery of chemo-and radiotherapy by lyposomal-or nanoparticles linked to antibodies that specifically bind tumor cells, thereby not systemically affecting the function of immune cells, appears to be very important in immunotherapy. Similar approaches are recognized and already implemented into trials (NCT02583477).
Role of therapy-induced senescence and use of power of senescence-associated immune surveillance is an important issue that remains to be elucidated in CCA and PDAC upon chemo/radiotherapy treatment. Moreover, positive results achieved with live-irradiated tumor cells probably also are connected with radiation-induced senescence and SASP-mediated activation of immune responses. Importantly, senescent cells have to be cleared/removed by immune system. [53] [54] [55] Although several recent epidemiological studies have shown an increasing incidence of CCA worldwide, it is still referred to as an 'orphane' cancer. The limited number of CCA mouse models and the rarity and heterogeneity of the disease have made it difficult to push forward new translational therapeutic approaches and to conduct randomized clinical studies (Fig. 1) . Therefore, the value of recently developed resectable orthotopic murine models of ICC and PDAC that reflect the human disease outcome are of special importance. 164, 223 Noteworthy, the research studies on HCC, CCA and PDAC in general have to be performed in immune-competent orthotopic and autochthonous models, which strongly contribute to the understanding of mechanism of action of immunotherapies. These models will further allow an assessment of combination of therapeutic regimens and will help to closer predict a future translational efficacy of selected immunotherapies. 95 Importantly, the preventive approaches and preventive vaccines are very poorly represented in reports on HCC, CCA and PDAC and the development of such vaccines in these malignancies would be of advantage.
In conclusion, HCC, CCA and PDAC together with other gastrointestinal cancers still remain a leading cause of cancerrelated deaths. However, recent development of and implementation of several immunotherapeutic approaches into clinical trials, described within the scope of this review, point out at a positive progression attempts toward the future treatment of HCC, CCA and PDAC using combinational immunotherapeutic approaches. 
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